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ABSTRACT We have employed Xenopus embryos lo ex- 
press hunmn Acctyictiolliicstcrasc (AcChoBese; EC 3,1.1.7) in 
developing ^ynr^pscs. TramcHpelon of AcCbuEase mRNA was 
driven hy a 2,2-kli sequence upstream from tits InlUntur AUG 
in thcACZ/^genc ciacodEjig AcCha&asc, wUb muitipte polenUul 
sites tor bijiding universnl and (i^siie-^pcclfic Iranscrlpdnn 
faclors* These includcti ciifStCrcd MyoD eiements^ E^hox^ SPI, 
ICGRl, AP-1, uxi<\ the dcvelcpmcnt-rciatcd GACA motif. A 
DNA COllsftruct compo^cJ Of Ihis jequence linked to a 2«l-kb 
sequence encoding liumaTi AcClioEasc avos designated hlinmn 
AcChoEasc promoler-reporUr (HpACJlE). HpAClIE liiil 
»onc of its several S'-truncated derivatives was transcription- 
ally active in dereloping Xcnopus embryos. Furlhermorc, I*CK 
ttimlyslj uslit^ cliizncric PCU primers reveDlcd usage I lie 
same J.5-I<b intron and 74-lip cxort within the lIpACllE 
sequence {n microinjccled embryos and variuu^ human tissues. 
CytoclicmJcal staining revealed conspicuous AccumulaUon of. 
dvcrexpressed AcChoEnse In neuronitiscular Junctions and 
^viLhin muscle fibers of apparently normal 2 -day Xenapni • 
embrj'osli^ccfed with [EpACIIE. The same reporter drfvcii by 
Ibe cytomegalovirus promoter was similarly elTlclcnt in direct- 
ing llie hclerologous liuman enxyme to^vard neurpmuscular 
Jtinclions, attributing iht evolutionary conservation of AcCho* 
Ease targelEriB to llic coding sequence. Our findings tlemon-_ 
slratc thai a short DNA se<it>cnce i^ iufncient-lo promotenhe ~ 
exogenous Ira ascription nnd fnilhful splicing oriiuman AcClio- 
Easc niKCHA In developing XfftQpm embryos and foreshadow 
fhelr use for Jotegratlve shldics uf cholinergic- signajlng And 
Synapse formation. 



Development of a functionat neuromuscular Junction de- 
pends oji thc-rcBUlatcd expression and locaiization of numer- 
ous pre- and postsynaptic proteins (1» 2). Several of these 
prot(;iri«j hbve been charactcriicd by molecular cJonine nnd 
Xciiopuj oocyte microinjection (for a recent review, sec rcf, 
3K However, the static nature of the oocyre restricts its lit ility 
as a heterologous expression system for studies aimed at 
dissecting the physiological roleCsj of important synaptic 
proteins. Furthermore, Ihc hick of convenient rransgenic 
organisnis where the levels of key proteins can be manipu- 
lated within neiiron\uscular junctions has precluded direct 
investigations into the coordinated tntcracfions between 
these proteins in synapse formation and neurotransmission. 
Earty Xendpits embryos may provide such a system, Mor- 
phologicatly distinct neuromuscular contacts develop tn Xe- 
noptij during the first 4B h after fertilization, accompanred by 
matiircition of synaptic potentictls. acquisition of ncuromus- 
ctdar function, and developmcnlally rcgu]:\ied increases in 
occtylchotincstcrasc (AcCJioEasc (4, 5); EC 3,1.1.7], Thus. 
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the wcll-charact€rized rapid development of thetr neuromus- 
cular system makes Xenopus embryos highly suitable for 
probing synaptogenesta tn vivo by using cloned AcChoEasc 
as a model synaptic protein. 

The acetylchotinc hydrotyzing enzyme AcChoEase has 
long been noted for its expression in nervous system and 
muscle, where It is involved in terminating cholinergic neu- 
rotransmission (for reviews, see rcfs. 6 and 7), The ACI/E 
£cnc encoding human AcChoEase has been cloned, ex- 
pressed in Xetfopuj oocytes (tij. and m tipped to a singte 
diromosoma! position (7q22; rcfs. 9 and 10). Here, we report 
the characterization of a 2,2-kb genomic DNA fragment 
upstream of i|ic liuman AcChoEase coding sequcricc^ and 
clcmcinstrate the ability oft his region to promote transcription 
in microii\jcctcd embryos of Xcnopus iaevis. Furthermore, 
wc demonstrate thai couplingof this promoter lo (he AcCho- 
Easc coding sequence may be employed lo introduce high 
Jevcis of recombinant human AcChoEase into developing 
Xe/iopus neuromuscular junctfuns. 

METHODS 

RNA-PCR Procedure and Primers. RNA-PCR analyses 
were as dt^tajlcd elsewhere (11) using the tbcrmarconlrollcr 
(Perfcin*-Etmcr/Cetws) nt5>4'*C for-l minrat 65-&for-l-min^ and 
at 72"C for 1 mtn and the following primers <primers 1-12), 
named according lo thetr position in the human AcChoEa&e 
upstream and coding sequence (Fig. 1 and rcf, 8) and noted as 
upstream (+) or downstream (-) according to (heir orienta- 
tion: l~555'l-(5^-eTGTGAGGeee6G AG GACGCCG'3')i 2, 
67t>+ (5'-GCTCGGCCGCCTCAGACGCCG*3'): 3. 705-h (5'- 
GGGACTCTCCTTAAGGCG CGGACGCC-37; 4, 739+ (5'- 
'iGCGCTCCCCGAGGGACGCC-r); S. lOOQ-h (y-TACCC- 
CAGrTGCGCAGACGCCG-3'); 6, 614 4- f5^-CAGCCT- 
GCGCCCCGGAACATC-3'); 7, 623+ (5'-CGCAACAT- 
CCCCCCCCTCCAG-3'); 8, 664+ (5'-GGCCCGGCf CGGC- 
CGCCrCA-3*>; 9, 590+ (5'*CGGCCGCrGTCAGAGTCG^ 
GCTO'); ID. 2623- C5'-TCCTCGCTCAGCTCACGCT- 
TCCG); 11, 1522+ (5'-CGGGTCTACGCCTACGTCTT^ 
rGAACACCGTGCTTC-3'); 12, 1797- (j''CAGGTCCAG- 
ACTAACGTACTGCrGACCCCCCGCCG-3'). Amplifica- 
lion pro<lucts (20%) were elcctrophoresed as described (11) 
and werc-LrV'photographed (320 nm). Control reactions, 
vAihout reverse transcriptase, remained negntive* proving (he 
absence of contaminating cDNA sequences. 

MicroiiUection of Xenr>pus Oocyte* and Embryos. Female 
Xcifoptts iaevij were induced to spawn by iruecliun wilh 
hu ni;m chononic gonadotropin. In vttro fertilization was 
performed 0,1 x MMR [Ik MMR - lOO mM NaCl/2 niM 
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PL / - ^ " 

CCAOCTCC«C CxtCpCxttt TA£ATCTCCii TTCCCJ ^AGGT^ TCCrTTm TCCCCAflOJUT 
tCTCC CAggT CJICCTTTTCT 1>OOCOC* CC fcACCTtt XCC CCTJIMGC&C OOTCCtCTCC 

^j^ACTcc fcA cj>-nl ccn:.n: ctcocntoec *cccctctct OTCtrrcoooc oocatccxto 
ACCCCTTCOC CTtOCOC7AA CTTCWXUJC CTSSAQC&^<S ACCOfe^HL^^fe^^l^ 
OTCCCtCCCT ClClCJklUUlT C^tC CCXCCC IIICICTCTg CCTtSTCWMC CXIGKCOTCO 
TCCCTCTCOC C&TGTCTGTC TCtACCGCCT TCTCTCCOTC TglCTQl tJ^C Cld X lClC T 
MTrCCCCCCC TOCACClCtT TCCCTCOCCT CTCTCACTDC OCTCTCtCCI CGCTWOCQI 
CTOGCACTWS ASTXtXTPrro OOe^CfSSS^ rCirOGO;TC TCWCTCCJUI ^OSMOC^Ofi^ 
C^CACGOSAQ CTCCCCACCC OCC^ C Jl Ul-Uft 




ACACTCOCCT ^loCCTOOOC C0OOE2JACAT CDGC CUlCrC CfUCCTCOCOQ CCCWCCCO 

ccoccccccq craoaccocc »c*djTOAaT ctcc l 't vlTi. coc CV wnfcCT cTcer TJUUM 

OOCUmtOCO CCOCMCCTQ OOCTCCOQCA QOthlCCMti CcCCCCTMC OOC^CWCTC 

* r^, ^ 

CCCCTTCCXC oaacciaccc ogcx^dqcc^ rcakTrcccc cgcactcctc coezaactctt 
CCCE3CCCCIX: Errcj> c*rjcA cttCAOQecej. cxXA;»ACCC ccACCQCQca ooAAooaoca 

9CD 

OdaCCXCKSC <SCtQCQKf1C CCCCCCCCKC CC CC Q U CC H f: CCCTTCCCCQ A.7CCC7CCCT 

iicTctxxxscsc: cjicksgmca tm^ccccn w^ rirfec cccA acoccaoctq cccj^ttcc 

CGOCCCCCCO ClCtSQCXCCC CCaTCCCCM eCCCJLCkAGC CCACOCRSrac TOCGCacCCC 

ccccoujACC cocectcocA ccccoocmc ccccccrccc ooooMuznc catctctat* 

TTTxcocukAa oonitfiqcTOO oponiwrc cqmi ttjitaji ttm sooocac tCCO OiIjCC 

- *asa 
'taottaavct cgAOg*QCAc ciusc ifcc c cci; pcici ^ooco ^rooogocrd ocCtmcagt 

' . . n ^ - 

CACooocooo wccocecu « icc cwcc ccscixrrrT tu -iLuiiiMu ctoouixtoc - 

oGGXKoocTJi < t7ccyj :TO cETccjuuuiT juaoccxx ^oti DC^ Ttccjwoc c o soc ^-retc. 

■ 

gpGJw uiCJu oG omutcccjtca c u T UJLu acT crocrrcjuOJ CCCCTC7 CCA jt coccoc CA 

COCCACCTTT 

TCTCOCT^TC TACTqqPCTC VOCQWKQQC QTOTACOQCA CCTTCJUUCO i;jiTt;OCCl»C 



rCTCCACTCC TCGCCOiCOC &a&Ci < V QOCA^ flC C fClttCC T CCCCC T C OC CTOOCACCOT 

. AfiO — 

OCOabOCTOA f WOAMXCa COCCCAIC^ C O .-TPO G IOC CACA CKTPqa ATSMJUIAOa 

CCACGCTTXiG GTOCWXUbCrg WTWOCWJ MTTTOOOCO *CCCOG<J*CC KUGOCTTCC 

IIDQ 



CCCCCCACqC t CCCi CCCCA aCTtOCCCCC tCCTCCClCO 



JkCACCCTQAA TOCCCJUXCC 



C XCGO CCCCA C Cr CI GCCO O OCCAGCMSAC 



CCAOCtOOOC CrTCMXXCC CO O GfcJiaCTC CCCCCXOCW QIKV^OCmT CC9TGA0GCC~~ 

itia 

CCCCCCTCTC OOGTOOCCTO TTCCtCCACT GAOOClTCra, TOCCCTC*CT CCMXaCCTa 
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CCCCCCCCCC AGXTOOCXAA Ci^TdJkCca CA&lOGACCaC CT9C0CJLGCA caChccosgc 

TCCTC7C7QT TCCCXCCAW TOrCroOAT* TOOGTCTCTC CCxGaTCTtlT T7CCCCTCCI 

2100 

CCCCQCJQGQ CTGTCICCTT CTCTCTCOC7 CTCTCCTTCC CTI XU T CW T CTCTCCCCTC 

*TCTTraC3C* ACCTOCCCCA eCTCCTCTf f: jLCCTtl lCettll TAJLDCCTTOO OCCSACACTC 

Z23fi 

CCCTAA7CTC CTCCCtCtTC CCTTCTCC^ CCJ ^ C Cl T C- fc OCCTTTCOCT TICTtTCTCC 

CJI0CJldu30C cgcctcccct acjiac»tC4 



FiG. l, ACHE 5' upstream sequence, DNA scqucnciog waj 
performed 3S detailed (BJ on single- and double-strcndcd DNA by 
u$ing i:o[[imcrdii] (Sinit&gcnc) or unique priincri ilttcni^incU by 
sequeAcing, Data analyfis CH-$iTe3 pr£>2rDm» Umversity or Wiscon- 
sin) fcvccJcd potenijfi] binding sites for ^cver^l transcripiton faciors^ 
incJuding MyoD{jit3^ 9l» 129, 226, 134, 348, 1332, and 2130; boxed). 
Spl (nl 315. 321, 534. 540. 344, m. 803, 9M, 1246. 1338, 14SI. and 
1762, circled), and addiltonal ittes (underlined); ATF/CREU (nl 67)i 
E-bo:i {n( 99). 2c5lc (nt 213 and i55), AP-Z (nl 443 and 1444), CAG A 
(nl 477). EGRl (nl 517 , 536, and 346), NF-«B (nl 703 and 1372), 
CCA AT bax (nt 9W and IC66). and (he TATA boj. Cat 1 176). Am^ws 
indicalc poLcnIiaJ it(cs forspficinB at the 5' acceplor$he<G/GD. The 
con5cn,iU5 splicing motif (CAQ/A) required al ihe 3' bourwlarics of 
inlroiis is noted by an arnjivhciid, Oric orsBvcra.[ putntJve c&p silcx 
Is noted by a I sign. PL /, poEylinkcr including a StiC i silc. 



KCI/1 tnM MgS04/2 mM CoCh/5 mM Hcpcs/O.t mM 
EDTA, pH 7,4 (12)1. Fertilized eggs were dcjcllicd, InjccLcd 
wilb 1 ng of DNA within the first iwo cleavage cycles and 
cultured overnight at 17*C. Xenopuz oocyte microiiucctions 
and enzymatic activity assays were essentially as described 
(13) except that oocytes were subjected to a 10-min centrif- 
ugalLon (600 XT^ ) prior to injection (50 ng per oocyte). Assays 
were performed in duplicate on whole ccJl extracts (150 p\ per 
embryo) prepared in 0.01 M Tris/1,0 M NaCl/1% Triton 
X-lOO/l mM EGTA. pH 7.4. 

Cytochemlcxd Slatning and Electron MJcroscapc EznrrdnaClon 
QtXenopuj Embryos, Two-day embryos were fixed for 1 h in 1% 
paraformaJdehydc/2.5% (voI/ydI) gtut^raldchydc/O.! M so- 
dium phospliate, pH 7.4, washed three (imts, and cut into three 
or four pieces. AcChoEasc activity was detected by tlie ihio- 
choline method (14, 15). After staining and rinsing, embryos 
were transferred to 19& osmium tetnoxldc for 1 h, dehydrated in 
ethonol, embedded in Epon* and sectioned. Tliin sections were 
counierstained with uranyt acetate and lead c[trate and ana- 
lyzed with a Philips 300 electron microscope. 

RESULTS 

iVomotcr ComposI Uen, E xpn:ssion of h timan AcChoEasc i n 
developing ^encTpjif embryos was tested u^ing, as a potential 
promoter, a 2.2-kb DNA fragment up&trcam of the coding 
sequence in the human gene encoding AcChoEasc (named 
ACHEby the Human Genome Commltlcc). Sequencing of this 
clone [cJone GNACHE (S); Fig. 1] rcvcnled oligonucleotide 
motifs charactenstic of binding sites for several known Iran- 
\ scriptipn /actors (16), These included eight MyoD motifs, 
chamcteristic of myoBenic expression^ the E-box enhancer 
octamer controlling proJirction of the heavy-chain immuno- 
" elobulin-gcne and compatible with hemopoietic expression, 
and 12 occurrences of the SPl motif* predicting enhancement 
of productive transcription* The cAMP response element 
ATF/CREB, the EGRl element (three sites, common in 
-brain-spccific genes subject to signat transductson pathways)^ 
- and 4he- AP^2- element (two sites, characteristic of genes 
expressed in embryonic ncuraJ crest lineages and presumed to 
interact with SPl factors) were also found (16). 

Elements indicating developmental control included the 
cmbryonicatly active Zeste sequences (two sites), and the 
— GAGA-mQtiC-iraportanl-for— the fuiictfoning of distant en- 
hancer elements during ctiriy Drojophiia devetopment (16), 
Further downstream^ this sequence included TATA and 
CCAAT elements and the NF-fcB clement (two sites) chnr- 
acteristic of genes active in the immune and other hemopoi' 
etic lineages (16) ujiu nnpltcated with the control of transition 
from Gc to Gj phases in the cell cycle (ref, 16; Fig, 1). 

Transcription In Xenopus* Tlie ability of the 2*2*kb AcCho- 
Ease upstream sequence to drive transcription was examined 
in micro] cyec ted Xtnopus oocytes and embryos* This se- 
quence was ligatcd, in its full form or after digestion wfth Kpn 
I. Xho I, oz/'vu 11 (K, X, or P forms, Fig. 2) to AcChoEase 
cDNA conlaining exons 2, 3, 4« and 6 (Fig. 2; see also rcfs. 
8 and 18 for gene structure) to create the HpACHB con- 
structs. DNAs were injected into oocytes or early cleavage 
embryos and transcriptional activity was determined by 
reverse transcription and PGR amplification (RNA-PCR) 
using human AcChoEasc cDNA-specific primers (Fig, 2), 
AcChoEase cDNA ligated to the cytomegalovirus enhancer- 
promoter region [CMVACHE (17) J was also injected. RNA 
from oocytes and embryos injected with ihc CMVACHE or 
the complete HpACHE construct, but not from those in- 
jected with any of the truncated lIpACHE sequences, gave 
rise la the expected 275-bp PCR pmduct (Fig. 2), Thus, the 
entire Hp sequence, but not the TATA and CAAT boxes 
included in the truncated Kptt 1-digested construct, was 
sunicient to support transcription \u Xenopus, 
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Ptc. 2. Tronscrip tion of I JpACI 1 E in Xenopiu^ iUpp€r) I qjcctc4 
HpACHBDNA& inciudctJ lhe2.2<kl} AcChoEas&up&tre&m sequeiicr 
or its deletion ccnstrucls linked Eo the AcChnCasc coifinB 5cque[vcc. 
Ctiaractcrislic restriction aJtti (S, Sue I; X^XHq I; A. >tcc I: Kpn 
1; P+ Pvu ZJ ; SP» Sph I; Si, Sin I) included in the AcChoHase codiVi£ 
cxqns (cxons 2^ 3, 4, oittl 6, shaded boxes) and in the regiott upstream 
of. the JniEJatcr AUG codon within clone GNACH£ (6) were pre- 
jdlciod accQiTdirigjo_Mquejiecd_ata iind_ccmrij-mcd by-bJoi.hyb^ 
tion of genomic DNA ^Wth PCR-amplified or subcl^ined prpbcs from 
this se<3uence. Relative poskions airrnotcd on Ihe length scale in |ch» 
where ihc firjt sequenced tiueJcolide \% numbertd zero. A fifth- - 
.construcU carrying. the.AcChoBase coding se<)ueti£e downstream of 
[he eytomcgalovirus jmitiedlate z^vly gene enhuiccr^pratiKiler se- 
quence (solid boA), was as descriUd (17), Pulative TATA box nnd 
cluster of irciflscrEpikin factor binding sites (Fig. 1) are mnrked by & 
solid l>ox nnd an nsieHsk, rcspccltvel y. Open reading Trame^ In cAotis 
are RDleii by doitcJ underilnea. P^sition^ oX iht VxrsX exon (e^ion \) 
and intron (tniroti i\) were deltmiiiied-hy-RNA-PGR experiments- 
(I^fi, 3). {Lowtr) KNA wd$ eximctcd from Xtnopui oocyte 2 days 
after tt\ieclion <50ngpcroocylc) wjLh the noted linearized conslnicts^ 
Residual iruected DNA wu eJiniinaLed by DNasel ire&tment [20 min 
ai 37X:, 2 Units per sample (Prtmega)] in 40 mM Tris HCI/lO mM 
NaCI/6 mM MgCli In the presence of KNasin (Boehringer Mann- 
heim; 20 ujiits per s^mpJe). DNase I wai heai-lnftctiv^tcd WC^t 
min) and RKA-PCR Eunplincdltgn wu performed using the primer 
paiiLll/12. Loncs;_U..unjr«ccted;-P,-X,.K»-iJMl S» canslwcls (n^mcd 
after the rcslr^clion enzymes used to -prcpm them) {Upp«r)\ C, 
CMV ACHE; M» DNA size mariner VI (Sochringer iriannheim), PGR 
products are indica.lcd by the arrowji. 

Consensus 5' SpSJce SUt, To locate functionmg splice sites 
withirt the upstream sequence^ several consensu^ 5* splice 
site motifs were tested by darcct PCR ampliflcntlon of cDNA 
Fram human tiasue^. Chimeric primer pairs were designed in 
which the 12 tit on the 5' side of each upaLrcam primer (+) 
terminated at one of the putative 5' spJicc sites, and Ihe 
common 3'^tcrmma| 5 or 6 fit corresponded to the putative 3' 
Acceptor site ai position 2227* The dowitstream pHmcr (-) 
was located within the coding sequence at positioti 2623 (FJg< 
3). In this fashion, a single 5' splice site was identi^cd at nl 
685 (chimeric primer 2X delimiting a 1.5-kb intron designated 
II within the upstream sequence. The same chimeric PCR 
primer was active with RNA from fetal and aduk brain and 
from the hemopoietic cell line K562 (data not shown), dem- 
onstrating similar splicing of II in various human tissiics (Fig- 
3). PCR primcrx designed with further upstreanii sequences 
delineated a length of 74 bp for the El cxon» starting with a 
consensus cap site motif (Figs. I and 3). When RNA from 
oocylcs and mbi-yos iryccted-with HpACHE was sut^ectcd 




Tio . 3. R N A-rCR analysis £>r e;[orv-j ntron boundaries. ( Upper) 
PdcnEiat J' spike AJtes (cpnsensus G/GT) were found In the AcCho- 
£:i30 upstream rt£ion at the noted positions in the s^ucnce prO' 
sejired In FI^, ], A potenlial 3* sptice jlle was hnqwn to be located- 
at :7Q5ition 2226, 21 nt upstrcain from the first AUG (8). Chimeric 
doivn^treanwirieniciT (+ J PCR primers were computer-designed (20) 
to "function only -if-thcir~en tire cQHsecutiv^-scquerice would be 
prescnl— I.C., wherever spliei'nE tjccurrcd. The^c IticJuded 13-21 nl 
upstream frum each potential 5' $plice afic and ftn additional J or 6 
nl from exon 2 [ACGCCG, nt 2227-2232) &nd wei* tested with a 
single upstream (-) prfmcr (primer 10>. The asterisk IndJc&tes the 
experimentally CDnfinned active 5' jpJicc site. {Lower /lighf) Totai 
RNA wa$ extnicled from aduU human (70 yearj otd) bratn basal 
nuclei. RNA-PCRs with the cikimeHc primer 2 and standard rCR 
pnmcp resuhed inJPCR product a with.JncreasIns lengths Canes 
2 and t-B), An aUdilional primer at position 59C remained Jnaclive 
(data noL-shcwn); delj^ieallng 14 "bp~for~Etr~l-flne" M cohtains 
molecular size markers (Boehrinfier Mannheim). Lanes I and 3-5 
'.'contain brain RNA and chimeric primere land3-5j %vh1ch remained 
Jciactive when p^red wUh primer 10. (Lontt^r L^fi] RNA extracted 
from Xertopus oocytes (tanes XO) and 2-day embryos (lanej XE) 
injected with the HpACHB (lanes S) C0rt5tn)c( (Fig. 2) was used for 
RKA-TCR experiments using primers 1 and 10. l^ne U, unirvected. ♦ 

to ampliHcation usin^ the chimeric PCR pritner pair 2/10» the 
expected 400'bp band was also ubscrved (Fig, 1) 



Table 1. Biochenitcal assessment of AcClioEase prvductica in 
injecie4 embryos 



Group 




Thiocholinc release » 
Ani unit (xia"')/n»in 


Net added 
nClivily, 

nmoJ per li 
per embryo 


1 . 


2 3 Average 


HpACHB- 








jqjectcd 


3.25 


3.16 3.49 3.33 :e 0.C8 (6> 


13,4 


CMVACHfi- 








ir\jccted 




11.35 — 15M t 4.11 (4) 


22&.1 


Uniiiiected 


2.85 


2.24 — 2,55 ± 0.31 (4) 





Acetylthiocholine hydrolyzins activity wai deter tnlncd (13* }^)tn 
hoinoBcnale* prepared from two or three groups (two embryos per 
group) from a single microiiuection experiinent with the specified 
AcChoEase encoding DNA. Raw data for Jmlivldual groups are 
expressed asii4aj unit (xl0-3)/min aad the net induced activity and 
stondard deviation arc presented aj nmol of substrate hydrulyzcd per 
embryo perh. Spontaneous subsiraie hydrolysis of 0.3 xiO^' A^os 
iJuif/min has been iubtractcd. Numberc in parentheses refer to the 
loiSi) number of rmbryoi tested In tKc entire experiment. 
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Synisplic Tor^cliiii; of Tluman AcCIioEasc. Whole ccJt ex- 
tracts prepared from Xetto(}us embryos injected with 
HpACHE DNA displayed a small but s/gnificDnt (/* > 0.01, 
Student's i teal) incj-ease in AcCiiuEiisc nclivity over nalivc 
endogenous ievcli. [n contrast, microinjcctcd CMVACHl: 
iitduccd 20.fo}d greater levels of heterologous enzyme CTable 
1) . U P to 50% of t he lota [ A cCho Ea 5c produ cc d in CM V AC 1 1 E- 
ifljcctcd cmbryog was CX tractable in a low salt buffer (data not 
showo], suggesting that a significant pfoportion of the hct- 
crologons enzyme may btJ secre(ed under conditions of high 



ovcrcjtprcssion.Thc ovcrcxpncsscd enzyme wa^ id cat j lie J as 
liuman AcChoEase as it was crfidcntly inhibited by the 
organophosphorous Intubitor ccolhiophatc at 0.3 that, at 
this conccntrtilion» docs not inhibit amphibian AeChoEasc. 
Moreover, monoclonal £intilx>dics specific to mammaEian 
AcChoEases react with this enzyme but not with thai of the 
frog (S.S. and H.S„ unpubhshcd data). 

To locate the niusclc-ex pressed heterologous human en* 
zymc, wc contbincd cleetrx^n microscopy wilh the sensitive 
thi'ocholine technique for cytochemicaJ activity stai/iiiifi (M) 




Fjo. 4.* AcChoEikse expression in developing Xenopus embr>'os, {A) Schematic presemation of sectioned embryos. Thtn seciiotis (700 A) 
were prepared from the aritcrior trunk region (Upper) of 2-day embryos. Cross stciions {Lmver) at this level reveal the close proximif y of the 
musctc-fomiing myoiome& and the prmcipal cortpcncnU of the dcvefopcn^ ccnirnl nervous sy&tem. At this stage cmbo'os displayed clearly 
di/rcrcnrjaicdmosclcccllsand (Jie sporadic twjicMng that neeompanieshaiching. After cytnchcniicai siainJcv5forcsit«lyticAl3>racljveAcChD£a&c, 
electron nfticfc^enpy wnj cmplo)red lo dtsleei hieh-dtrtsUy acctimiilnlions orthjucholfnc r^aclion product trt myotome preas (ithndcd). (Diagrams 
are Dftcr rcf. 21.) {Bar = 200 Mffl-) (8) Accumulalion of AcChoE^sc in myotome* of transgenic Xtnopus embryos. Two^cll cleaving embryos 
o\X<:nK>pxts faevh rnieroif\jectcd with I of plasmid DNA wcjt cultured for 2 days. Shortly aRer hatchmg (stage 26 (21)1. embryos were Hxed 
ond sJiiintd forornlyiicalJy active AcChoEase by the thiocholinc hydri>ly!c» method (14, 15). Deposit) uf clcctron-dcnse reaction product appear 
a$ dntk rcelnngular crystals that vary in size and miensUy (arrosvsK Conirol sectiens incubutcd in reaction tjuffer lacking subsirAtc displayed 
r\i> rc.-icHon pruduct. Panels a-c show rtcuromuficularjunc lions (nnj) denn>iii::rniing unchftractcmiic synaptic eccumtdatlon of AcChoEase after 
micfornjcetion of tlpACflE (pane! b) aad CMVACHE tpanct cj DNAs. Panels; uniryecled; b, ItpACHL' irdccicd; c. CMVACIIE injected 
Sccfrons through somiiic musctc ^dlsfrom control um'niecicd embrvos (panel d) or JtpACHE-iAlccled (panel c)or CMVACHE-irucctcd (panel 
U cmhryos jllustralijig ovcrcxpression of AcChoItflse around and between Ihc jnjrofjbrifs (niQ of bolh UKA-imcctcd groups. Arrows denote 
crysmu al rcucfjor> product, ^v, SynupJic vesicles; y, yolk plateJcis. lUar =» 1 fon.) 
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lo cxnminc dcveJopinfi niyolames from 2-tlay embryos (Fig, 
4 A). NcurojTJUScuhir junctions aniJ the adjacsnt nerve ard 
muscle structures in all of Ihe cxununcd cmbrj'os appe*ir^d 
morphoIofiicaUy normal (Ftg. 4D, paneJs vt-c). Synaptic sfain- 
ine foJ* AcChoEasc inbotliHpACHE-injcctcd {Fig. 45. panel 
b) ajid CMVACHE-iAJccted embryos (Ftg. 4B, panel c> 
rcsu[lGd in 5i£nificant[y more conspicuous depositions of ihc 
elcctron-dcn^e reactioji product at Hie synapse than that 
observed in controls (Fig, 4i?, panel a), fn the neuromuscular 
junclionornoninjcctedetnbryDs. theaverai^c area covered by 
reaction product was In the range of 20 nmV;un of contact 
Icnglii, whereas staining cfTiciency in llpACHE-injected 
embryos reached values of 195 nmVMm and CMVACHE 
inJecUons yielded labeling of up io 220 nm^/^m. Uncharac- 
teristic accumulations of reaction product were further ob- 
served in assocJtition with myofibrils of embryos injected 
with either the HpACIlE or CMVACHE constructs (Fjg. 4i?. 
panels e and 0- 

Both Ihe overall incidence and intensity of stEiining in 
sections, prcp:ircd from embryos J rejected wiiii Hp ACHE 
were enhanced compared to controJSp but tlie levels were less 
thnn those observed In CMVACHE-rnjccied embryos. Sec- 
tions prepared from unirxjected embryos displayed minimai 
staining around the myofibriis, and when present, ^talnmg 
was sparse and considcrabty less intense (Fig. 4B, panel d>, 
Mo morphoecnic or behavioral barriers to normal haiching, 
nuiscJc twitching, or development were observed in micro- 
injected embryos, and we have reared such embryos for up 
to 4 weeks, demonstrating thai ovcrexpresslon of hctcrolo- 

BPu«^A.c_ChoEasc_in_n[iicroinjccted 

vidcs a viatjlc model for develop inglTcuromuscula^^ 

DISCUSSION 

A'c/r^7/>//rcmbryos KavbTbcch shown to tntnscTibe ayancty~of ' 
het erolog ous promoters (22). However, to our knp.wljesdee,. 
the present sLudy_may_rx;pj:¥senl ^h^J first expression .of _ a 
huinsni^romotcr^ in Xenopus ejnbryos. The same splicing 
pattcnfwas obliiErvcd in A'c/;apH> oocytes and embryos and 

in-human-brain-and-myeloid-K562~ccJts.~The resultant rc= 

porter mRNA encodes the globular form of bydrophific - 
AcChoGasc, which may remain soluble (23) or interact witli 
Ihccolloycn-tikesubunitcharactensticonisymmetricAcCbo- 
Ease at the neuromuscular junction (24). The deposition of 
>vcrc^prc3sed enzyihc in developing neuromuscular junc- 
Jons indicates tissue-specific trafficking of recombinant Ac- 

I^hoE;i5c-to t h c-corrcc t extraccllu lar com partment suiround 

ng somitic muscle celb. Thus with the spatially restricted 
repression shown for AcClioEase (25) auy^ die nicounjc 
tcetyluhoJine receptor (26) in cuKured muscte cells, these 
x:sulis may indicate the existence cfa dedicated transport 
i\echiiiiism for loculizlng postsynaptic membrane proteins. 

The human AC/JE promoter was found to contnin consen- 
us recognition sites for transcription factors characteristic of 
encs expressed in muscle and nervous tis sue Jn hemopoietic 
ells, and during embryonic development. Jts sequence fur- 
icr predicts responses to cAMF-inducing stimuli and signal 
ansduction pathways in nervous system cell lineages as well 
s control by additional distant enhancer sequences* in good 
grccnicnl with the multiplicity of human tissues and dcvcl- 
pmcntal stages Where the AcChoEusc protein has been 
bscrvcd (6). Purlhcrraorc, binding sites forcarly/immedialc 
ine products (i.e., E-Box and Egrl) may explain AcCho- 
ase expression in tumor tissues and may relate to the 
miorigcnic ampiiircnlion of this gene (27. IS). The existence 
ran NF-Jcl3 element within the first intron could possibly 
iply that expression of the ACII£ gene in lymphocytes is 
ihjeci lo regulation by transcription factors binding this 



intron and alTecttng cell cyde-retalcd control, limited to the 
Ctr-Gr transition phase (16). 

That the ectopic lO-fold overcxprcssion of human AeCho- 
Euse la ncuronmscu lar junctions of early Xcnopus embryos 
imposed no overt barriers to apparently normal dcvelopnienl 
IS stnkjng considering the high rale of hydrolysis and the 
imporiimt physiological function attributed lo this enzyme (6. 
17). The use o( Xe/topt4S embryos for coiryection cxpcrimenl.'t 
may reveal trans-activation of various promoter etements 
and/or other elements in the vicinity of the AcChoEasc gene 
by tissue-specific mRKAs (for example, see rcf. 29). Further- 
more, coinjection with DNA encoding other important syn- 
aptic proteins mny lend insiglit into the complex imerFictions 
between these molecules al their site of function. Transiently 
transgenic Xencpui embryos thus provide n convenient vcr- 
salilc system for integrative studies of the mulUlcvelcd regu- 
lation of synapse formatton and functioning. 
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